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INTRODUCTION 
Some cast components of the primary loop of French Pressurized Water Reactors 
are made of cast duplex stainless steels. The mechanical characteristics of these 
components, working in the temperature range from 285°C to 325°C, may be altered by 
thermal aging: the hardness of the materials increases whereas its toughness decreases with 
aging time and temperature. The metallurgical explanation of this phenomena is the 
unmixing of the ferritic Fe-Cr-Ni solid solution by spinodal decomposition and the 
precipitation of intermetallic G-phase particles rich in nickel and silicium [1]. 
EDF has studied the metallurgical and mechanical behaviours of various products, 
representative of those present in French cast components, aged in laboratory conditions 
between 300°C and 400°C up to 100,000 hours. 
In parallel with this study, original non destructive characterisation means were 
looked for and developed in order to follow the aging of real components on-site. A 
technique [2] based on the measurement of the thermoelectrical power (TEP) of materials 
using a portable device has reached its maturity so that it can be transferred towards an 
industrial environment. 
Laboratory studies have established a linear relationship between the TEP of cast 
duplex stainless steels on the one hand, and the ferrite content and an Arrhenius-type aging 
parameter depending on aging time and temperature. The activation energy of this last one 
corresponds to the energy of diffusion of chromium in iron (about 230 kJ/mol at 300°C) 
showing that TEP is directly related to the metallurgical phenomena [3]. 
Moreover, for each product, a correlation curve was established between the TEP 
and the notch toughness. This large database allows the interpretation ofTEP 
measurements in terms of mechanical characteristics. 
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In the first part, the principle of measurement, the portable device and its conditions 
of use are presented. In the second part, the device is tested on reference specimens and on 
a real elbow in an industrial environment. 
PRINCIPLE OF MEASUREMENT 
Two test prods in copper are applied on the surface of the component to be 
characterized (see Figure I). The first, referred as the « hot tip », has the shape of a 
truncated cone with a plane of radius 0.3 mm. It is heated by a heating element. The second, 
referred as the « cold touch », is outside the heated zone and has the same temperature as 
the component itself. 
As a consequence of the difference of temperature !l. T between the two points of 
contact of the test prods with the component, a thermoelectrical voltage !l. V is generated by 
Seebeck's effect in the circuit represented by the hot tip, the component and the cold touch. 
The difference in thermoelectrical power between the heated portion of the component (at 
the temperature T) and the copper of the test prods is defined by the ratio of the 
thermoelectrical voltage by the difference of temperature. It is expressed in ~ V j0c. 
All modifications of the crystal network of a metal may modify its thermoelectrical power. 
In our case, the TEP is sensitive to the metallurgical phenomenon at the origin of the 
thermal aging of cast duplex stainless steels. 
DESCRIPTION OF THE DEVICE 
The device considered allows us to obtain an automatic measurement of the TEP on 
the surface of a large component using the method of the hot tip. An overview of the system 
is given in Figure 2. It is composed of three parts: a measurement cell, set on the 
component and connected to an instrumentation rack driven by a portable computer. 
Measurement Cell 
The measurement cell (length 34 cm, width 15 cm and height 25 cm) embodies the 
hot tip and the cold touch within a main structure (see Figure 3). The hot tip may move 
along two motorized axes: one (X) is parallel to the surface of the component and allows 
the performance of measurements at different locations whereas the other (Z) is 
perpendicular to it and allows the control of the application force of the hot tip on to the 
surface. The cold touch may be applied manually after the cell is set upon the component. It 
is then locked for the rest of the measurement. 
thennal gradient 
Figure 1. Seebeck's effect. 
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The upper part of the hot tip is dedicated to its displacement. The lower part 
contains an oven and a copper tip (see Figure 4). Between these two parts, a sensor allows 
the measurement of the force applied to the tip. The oven is made of a copper piece 
surrounded by an heating element. It is thermically and electrically isolated from the upper 
part. The copper tip is inserted in the oven but may easily be removed from it (e.g. for 
maintenance purpose). A platinum probe (for temperature regulation and measurement T m), 
a thermocouple (for the measurement of the difference in temperature ~ T m) and a copper 
wire (for the measurement of the difference in tension ~ V m) are inserted in the copper tip. 
~easurement c~ 
I Connection cable I 
[ Instrumentation rack 
Portable computer 
Figure 2. Overview of the portable device. 
I Upper part I 
I Lower part I 
~ Coldtoucb 
Figure 3. Measurement cell. 
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Figure 4. Overview of the hot tip and of the cold touch. 
The cold touch is made of a small piece of copper inserted in a polymer support. A 
thermocouple (for the measurement of the difference in temperature !J. T m ) and a copper 
wire (for the measurement of the difference in tension !J. V m ) are inserted in the copper 
piece. 
The main structure contains the motorization and the amplification of the 
differences of temperature !J. T m and of tension !J. V m' These low-level amplifiers were 
specially designed for the TEP measurement. In fact a resolution ofO.OIIlV/oC (needed for 
our application) for a TEP of2llV/oC corresponds to a 0.21lV resolution on the 
thermoelectrical tension. As a consequence, the gain of the amplifiers has to be 10 000 in 
order to reach an amplitude of I V which can be easily attained by the multimeter. They 
have a linear response, a low noise (3 n V) and a weak thermal drift. 
Instrumentation Rack 
The instrumentation rack groups the electronic element necessary for control and 
measurent. It is connected to the measurement cell through a five meter wire. It contains the 
boards necessary to the control of the displacements (X and Z axis) and of the application 
force (30 N with a I % accuracy), the regulation and the measurement of the temperature of 
the hot tip (which is a totally isolated circuit), the multimeter for the acquisition of the 
amplified signals !J. V m et !J. T m' 
Portable Computer 
The portable computer, set upon the instrumentation rack, uses PCMCIA-type 
communication cards and manages the whole measurement process: displacement, 
application of the hot tip, acquisition of the temperature T m and acquisition of the 
differences of temperature !J. T m and of voltage !J. V m , calculation of the TEP. 
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Calculation of the TEP 
The analysis of the experimental conditions of the measurement shows that the 
values ~ T m and ~ V m measured have to be corrected in order to obtain the TEP value. In 
fact, if we consider the Seebeck's effect occuring in the circuit of the measurement of the 
difference of thermo electrical voltage, composed of the copper wires, the copper tip and the 
cold touch, and taking into account the temperatures of the junctions between the different 
metals present in this circuit, the thermoelectrical power TEP(T) of the heated portion of the 
component may be expressed as : 
TEP(T)= (I) [~Vm +P(K).TEPtiP-TEPWire] 
PK -I ~Tm 
(I) 
with (2) 
and where TEPtip(T) and TEP wirlT) are the absolute TEP at the temperature T of the copper 
tip and of the copper wire respectively. P(K) is a polynome of degree four depending only 
on the thermal conductivity K of the characterized volume. Tp is the temperature measured 
by the platinum probe. All these parameters have been either measured (TEPtip' TEP wire' K) 
or calculated (coefficients of P) so that the formulae are established for a given hot cell and 
that the determination of the thermoelectrical power relies only on the measurement of ~ T m' 
~Vm and Tp. 
Equations (1) and (2) are the results of a thermal analysis performed using finite 
elements and fully described in [2]. In this model, the thermal resistance of the contact 
between the hot tip and the component is neglected. This condition is only obtained for a 
correct choice of the surface state, the axiality of the contact and the applied force. 
A last correction is performed to obtain the TEP measurement at 20°C in order to get a 
value independent from the experimental conditions. The TEP variations of the material as 
a function of the temperature is linear in the considered temperature range. The slope of the 
curve TEP=f(T) is depending on the material. Its value is -0.008 J.1 V joC2 for cast duplex 
stainless steels. The corrected TEP values may be directly compared to those given by the 
conventional TEP device. 
CONDITION OF USE FOR CAST DUPLEX STAINLESS STEELS 
The choice of T p results from a compromise between the obtention of a large enough 
thermoelectric voltage and a low heating power. Moreover, it is more convenient to work in 
a temperature range where the TEP variations are linear as a function of the temperature. 
Typically, a temperature variation of 25°C is suitable for a temperature of the component of 
25°C. 
The thermoelectric effect in the component is only obtained in the area concerned by 
the thermal gradient: the characterized volume, delimited by the half sphere where the 
temperature decreases by 90%, has a radius of six times the tip radius, that is 1.8 mm in our 
configuration. Smaller values of tip radius may be chosen to study heterogeneities of small 
dimensions and to carry out a cartography of the surface. 
The TEP measurement at a given location on the component surface is achieved as 
follows. The hot tip is first heated and regulated at a given temperature. It is brought into 
contact with the component and pressed until the chosen force is obtained (in about 20 s). 
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Then, measurements of T P' t1 V M and t1 T M are performed every second during 15 s. For each 
couple of values, the TEP is calculated at 20°C. Finally, the hot tip is moved upwards. The 
whole operation lasts about one minute. 
In these conditions, we may consider that the measurements are performed during a 
quasi-standing regime as was supposed for the thermal modelling. It means that the TEP 
does not change significantly when the measurements are performed beyond 15 s. 
However, the small total measuring time avoids a global heating of the component. 
In order to reduce the random errors (due to the nature of the contact between the hot tip 
and the component) and errors related to metallurgical inhomogeneities in the material, a 
few measurements are performed at the same location (3 times) and then at different 
locations (30 points with a step of 0.75 mm) on the component. The resulting TEP 
represents the average of all these measurements. The standard deviation characterizes the 
dispersion of the measurement due to the non homogeneity of the material in a 
metallurgical point of view. 
V ALIDA nON ON REFERENCE SPECIMENS 
TEP measurements were performed on reference specimens with our portable device 
and with a laboratory device the principle of which is described in [4]. The second requires 
small parallelepiped specimens typically with a 70 mm length and a 0.5 x 3 mm2 section. 
Six parallelepiped blocks were chosen among the products of the aging program in order to 
represent the whole range ofTEP variations possible (from the as received state to the most 
aged state). Six small specimens were machined as close as possible (maximum 10 mm) to 
the area of measurement corresponding to the portable device. 
Results ofTEP measurements are reported in Table I. For all samples, the difference 
between the two measurements is lower than 0.15 ~ V which represents two times the 
standard deviation (± 0.075) of the dispersion due to the metallurgical non homogeneity of 
the materials. A linear regression between both measurements gives a slope of 0.98 and a 
correlation of 1.00. 
Table I. TEP at 20°C (in ~V/0C) with respect to that of pure (99.999%) copper. 
Sample N° I 2 3 4 5 6 
Laboratory device 
-2.34± 0.01 -1.92 ± 0.01 -1.36 ± 0.01 -0.82±0.01 -0.46±0.01 -0.25±0.01 
Portable device 
-2.27 ± 0.06 -1.87 ± 0.06 -1.32 ± 0.06 -0.88 ±0.06 -0.51 ± 0.06 -0.24±0.06 
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Figure 5. Correlation between TEP measurements. 
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(b) 
Figure 6. Measurement cell set (a) and strapped (b) on a real elbow. 
ON-SITE MEASUREMENTS 
A qualification of the system on a real component has been performed in an 
industrial configuration. 
A calibration of the device was carried out before and after the measurement on the 
component. The calibration consists in the TEP measurement on one of our reference 
samples previously described in order to verify the good working order of the portable 
device. 
The measurement cell was strapped on the component (see Figure 6), the 
instrumentation rack being about three meters away. A keyboard, a mouse and a screen 
were connected to the portable computer but set twenty meters away from it, in order to 
control the measure outside the annular area so as to avoid eventual radioactive 
contamination and exposure. 
This test has shown that the portable device is well adapted for its use in a nuclear 
environment and in industrial conditions. 
CONCLUSIONS 
R&D studies led by EDF in collaboration with the Technical University INSA de 
Lyon have led to the development of a prototype of a portable device for the nondestructive 
characterization of cast duplex stainless steel components prone to thermal aging. This 
prototype was tested in an industrial configuration. 
Thanks to a large experimental database, the TEP may be interpreted in terms of 
metallurgical and mechanical characteristics. It will allow us to follow the aging kinetics of 
the most sensitive components. 
At this point, the portable device will be industrialized and transferred to the plant 
for regular inspections. 
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